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ABSTRACT

Pulsed Laser Deposition (PLD) has been shown to be an effective method for producing a wide
variety of thin films of high-value-added materials.  The high average powers and high pulse
repetition frequencies of lasers under development at LLNL make it possible to scale-up PLD
processes that have been demonstrated in small systems in a number of university, government,
and private laboratories to industrially meaningful, economically feasible technologies.  A copper
vapor laser system at LLNL, operated at higher pulse repetition frequencies than are available with
most commercial excimer or Nd:YAG systems, has been utilized to demonstrate high rate PLD of
high quality diamond-like-carbon (DLC) from graphite targets.  The deposition rates for PLD
obtained with a 100 W laser were ≈ 2000 µm•cm2/h, or roughly 100 times larger than those
reported by chemical vapor deposition (CVD) or physical vapor deposition (PVD) methods.  Good
adhesion of thin (up to 1.5 µm) films has been achieved on a small number of substrates that
include SiO2 and single crystal Si.  Present results indicate that the best quality DLC films can be
produced at optimum rates at power levels and wavelengths compatible with fiber optic delivery
systems.  If this is also true of other desirable coating systems, this PLD technology could become
an extremely attractive industrial tool for high value added coatings.

INTRODUCTION

Many high-value coatings have been produced by PLD.  One of the distinct advantages of the
PLD process is the near stoichiometric transfer from the ablation target to the desired substrate, a
feature that is often difficult to achieve with conventional coating technologies such as magnetron
sputtering or electron beam evaporation.  In many cases, minor adjustments to the substrate
temperature and/or background pressure of reactive gases result in adherent coatings with
acceptable morphologies, correct stoichiometries, and desirable physical properties.  Table 1
serves as an indication of potential thin-film systems and their applications.



Table 1.  Materials with difficult stoichiometries that have been successfully coated by PLD.

Material Laser Use

BaFe12019 KrF High density hard disk coatings
BaTi03 Nd:YAG Optical coatings
Cubic BN KrF High temperature, radiation resistant semiconductors

Cutting tool coatings
Amorphic C Nd:YAG

XeCl
Tribological coatings
Heat sinks
Field emitters for FPD’s

CdxZ1-xTe KrF Ir detectors
CoSi2 KrF Low resistivity interconnects for fast switching Schottky rectifiers
MoS2 XeCl High resistivity lubricating coating
NbSe2 KrF Low resistivity lubricating coating
Pb(Zr0.54Ti0.46)03 ArF

Nd:YAG
Piezoelectric devices
Non volatile memory

SiC XeF High temperature, wide band gap semiconductors
Ti02 KrF Antireflection coatings
YBa2Cu307 ArF, KrF High Tc superconductors
Zn0 KrF

Nd:YAG(2x)
Piezoelectric devices
Phosphors

The majority of PLD studies utilize short wavelength (193 nm [ArF] to 308 nm [XeCl]) light
arriving in 20–50 ns pulses with peak irradiances of 108–1010 W/cm2 at rates of 5–30 Hz.1–6

However, some authors report positive results with green (532 nm [frequency doubled Nd:YAG])
radiation sources operated under similar conditions.7  Typical film formation rates for low pulse
repetition frequency (PRF) systems are on the order of 10 µm-cm2/hr.1–6

The main impediments to large scale commercialization are the high cost, low power, and low
pulse repetition rates of readily available laser systems.  Our original experiments in deposition of
DLC were guided by information gathered in the literature and by colleagues in the field of PLD.
Conventional wisdom based on CO2, Nd:YAG and excimer laser experiments indicates deposition
of DLC is most successful (in terms of film quality) when the target is irradiated with ultraviolet
light.8  The higher the photon energy, the higher the diamond like content of the coating.  Murray,8
has measured the population of ions of carbon polymers in the ablation plume with a time-of-flight
mass spectrometer and has concluded that 193 nm generated plasmas have predominantly C+ ions,
where as the 1064 nm generated plasmas have predominantly C11+ – C13+ ion content.  Other
researchers claim that both Nd:YAG and CO2 lasers can produce good material if the irradiance is
1010 W/cm2 or higher.3a  These findings are phenomenologically explained by a dominant atomic
carbon plasma of high kinetic energy created by laser absorption directly into the carbon plume.

EXPERIMENTAL ARRANGMENT

A single copper vapor laser (CVL) oscillator and one high power amplifier were used for these
studies.  Nominal operating parameters are summarized in Table 2.  The optical delivery system
was comprised of a discrete optics delivery system and a single 500 mm focusing lens located



Table 2.  Operating Parameters.

Wavelength: 510,578 nm (2:1)
Spot size on target: 50–300 µm
Irradiance 2 × 1010 – 4 × 108 W/cm2

Pulse repetition frequency: 4.4 kHz
Pulse width: 50 ns (FWHM)
Target speed: 8 cm/s
Target - Substrate Distance: 7.6 cm
DLC deposition rate: 5.6 × 10–2 Å/pulse at 4 × 108 W/cm2

1.0 × 10–3 Å pulse at 2 × 1010 W/cm2

adjacent to the vacuum deposition tank.  Relatively low irradiance (108 W/cm2) on the target was
necessary to achieve high deposition rates and good materials properties.  This was accommodated
by defocusing the beam on the target.

A schematic drawing of the deposition chamber is shown in Fig. 1.  The laser light is
introduced through a fused silica window.  The graphite target is a rod of 2.5 cm diameter that is
mechanically rotated at approximately 1 RPS and can be manually moved axially to keep a
relatively fresh surface.  The laser is aligned to strike the rod off center so that the laser plume is at
45 or 60 degrees to the incident beam.  In general, the ablation plumes expand normal to the
surface. The substrate to be coated is mounted within a sample port that is easily removed for
deposition on multiple substrates.  The graphite target to substrate distance is 7.6 cm.  Viewports
orthogonal to the laser and plume and in the scattered laser direction were used to help diagnose
laser alignment, plume generation, and qualitatively assess macroparticle generation.
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Figure 1.  Developmental PLD chamber schematic.



A turbomolecular pump was used to achieve a base pressure of 5 × 10–8 Torr.  For each set of
deposition runs the vacuum chamber was heated up and outgassed.  Typical vacuum levels during
used.  Several different substrates have been coated with DLC.  However, consistent with results
of others, adherence of the films are substrate dependent.

DEPOSITION RESULTS

Our early experiments investigated the deposition of DLC at laser irradiance of 108 W/cm2 to
1010 W/cm2.  Figure 2a and 2b are Elastic Electron Loss Spectroscopy (EELS) spectra performed
on the resultant material (a) and on a graphite substrate (b).  Typically there are three predominant
features in an EELS DLC spectra.  The elastic electron scattering peak is at the incident electron
energy of 492 eV.  There is a peak ~6.6 eV below the incident energy which represents energy lost
to the π-bonds of graphite (at 485 eV in Fig. 2).  The third feature is an unresolved, broad plasmon
loss peak 30 to 40 eV below the incident energy.  The DLC represented in Fig. 2a was deposited
on a polished Si (100) substrate at a laser irradiance of 3 × 108 W/cm2.  Note the lack of a π–π*
feature as compared to the graphite spectra in Fig. 2b.  This material’s spectra is similar to that of
material produced by Murray with 193 nm wavelength light.  Researchers in the field have also
used Raman scattering off of the DLC films to help quantify its bond structure.9  Figure 3 is a
representative Raman spectra of our DLC film grown with the above parameters.  This spectra
verifies the DLC nature of the film.

The (silicon) substrates were masked while both the target irradiance and number of laser
pulses were controlled to quantify the volume of DLC grown on the substrates.  Its spatial
distribution and its growth rate were determined by measuring film thickness and distribution with
a diamond stylus profilometer at the step-up provided by the masked area.  Figure 4 displays a
measured DLC deposition thickness across the substrate.  The deposition has a very peaked
character typical of PLD.  By offsetting the plume peak and spinning the substrate, we have been
able to grow uniform DLC over 2 cm diameters.  We believe a combination of scanned targets and
manipulated substrates will allow uniform film growth over square meters.

The deposition profile in Fig. 4 has been fit with a plume distribution proportional to cos10.5

φ (φ is the angle measured from the target surface normal).  After 105 laser pulses at 4 ×108 W/cm2

(190 W average power), we achieved 410 nm thickness at the center with half thickness at a radius
of ~4 cm.  Since the copper lasers operate at 4.4 kHz, 105 pulses represents 23 seconds of elapsed
time.  Integrating the full volume of material and dividing by the elapsed time yields an average
deposition rate of 2 × 103 µm-cm2/hr.  We have subsequently operated at 100 W average power at
slightly lower target irradiance and have achieved 2.6 × 103 µm-cm2/hr.  At this rate we produce
DLC coatings in minutes that would normally take hours by either low repetition rate lasers or RF
plasma deposition (note that materials can have significantly different properties [such as hydrogen
content] with RF plasma deposition).  We have recently produced a 1.5 µm thick DLC film on a
silicon substrate, with good surface characteristics.  This film was grown with 58 seconds of laser
on time.
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Figure 2.  (a) EELS spectra of DLC produced at 3 × 108 W/cm2.  (b) EELS spectra of graphite.
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Figure 3.  Raman spectrum of DLC film.
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Figure 4.  Typical PLD deposition profile.



Atomic Force Microscopy (AFM) was used to measure surface roughness.  Figure 5 displays
an AFM image of  the DLC surface.  The area depicted in the image is 0.5 by 0.5 µm.  Note that
the vertical scale is 20 nm per division.  This 400 nm thick DLC film has a surface roughness (as
measured by the AFM) of ≤10 nm.  We have produced some films with RMS surface roughness
as low as a few nanometers.

Tool steel and tungsten carbide were coated as a demonstration of potential value to the
machine tool and industrial processing industry.  In our two attempts to coat the tool steel we have
not been able to achieve good adherence.  This has been observed by others.10  The adhesion to
steels seems to be related to the degree of saturation of the 4d or 5d bonds in the substrate
material.11  Steels with high carbon content (and metal carbides) are less likely to form carbides
with the newly deposited carbon and, therefore, are better substrates for diamond formation.  The
DLC we deposited on a tungsten carbide tool bit survived the scotch tape test.  The tool bit was
subsequently sent out for further analysis.  In the areas of the bit that were smooth enough to
perform scratch tests upon, the DLC had excellent adherence.

DISCUSSION

There are three observations we have made that add to the base of knowledge of PLD.  First,
visible light under our operating conditions appears to produce DLC with characteristics as good as
material produced with ultraviolet sources.  If these results hold with further investigation, it could
greatly simplify large scale PLD equipment.  Either copper vapor or Q-switched and doubled
Nd:YAG lasers operated at high repetition rate should be much more readily incorporated into a
thin film production line than ultraviolet sources.  Visible light is easily delivered through optical
fibers at high enough radiances to be used in PLD.
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Figure 5.  Atomic force microscope image of LLNL produced DLC surface.

The second observation we have made also appears important for PLD.  The deposition rate
of DLC scales with pulse repetition rate (at least to 4.4 kHz).  This appears obvious, and in fact, is
largely what motivated us in the first place to try PLD with the copper vapor lasers.



The third observation we have made is an improved surface character in our deposition tests.
While this observation is semi-quantitative for the moment, our deposition regime is significantly
different because of lower pulse energies (23 mJ versus 0.5 to 2 J) and higher repetition rates
(4.4 kHz versus 10 to 20 Hz).  We have found that we can produce good looking material as long
as we have no more than 10 to 20 laser pulses on the same spot on the target.  Based on our
observations and modeling12, this should be no more than 2 to 3 µm in depth in the graphite.  We
believe, as others, that much deeper target penetration leads to explosive removal of
macroparticles, particularly around the spot periphery.

ENGINEERING ISSUES FOR HIGH RATE PLD HARDWARE

Several potential issues associated with a high rate PLD system have been encountered in our
small system.  One issue is protection of the laser window from coating by the ablated material.
We have found that commercially available 2.5 µm thick mylar film that could be  continuously
advanced past the vacuum side of the window minimally affects the laser beam quality, and, if
refreshed every 5 × 104 laser pulses, does not lead to loss of laser power.  A reel-to-reel system
for moving fresh film is commercially available.

The second engineering issue requiring attention is the development of a means for rapidly
replacing the target material.  The power densities and high-pulse rates used in our scoping studies
rapidly damage the ablation target surface.  After more than 20 pulses strike a single area, we begin
to see evidence for the ejection of macroparticles which in most cases are not desired on the
finished coating.  In practical terms, this means that with a 300 µm diameter laser spot on the
target, we damage approximately one linear inch of one-inch diameter rod every 3.5 × 105 shots
(or every 80 seconds).  The development of hardware to introduce virgin target material through a
vacuum load locking system appears to be straightforward.

Similarly, at our projected deposition rates, a method for moving the substrate relative to the
target to produce uniform coatings and a method to rapidly change out substrates will be required
for a continuous production process.  The requirement for short substrate change out time may be
alleviated by multiplexing one laser source to several deposition chambers, potentially through
optical fibers.  Optical fibers may also allow development of a robotic structure that could
deposit material inside large structures, either contained in a vacuum chamber or with its own
vacuum system.

SUMMARY

A promising pulsed laser deposition technology utilizing visible light has been demonstrated.
Trial runs producing diamond-like-carbon have been encouraging.  This technology  appears to
have significant advantages over other methods in deposition rate and surface morphology.  More
work is required to understand the physical characteristics of these coatings to verify their utility.
Several proposed uses of DLC, or crystalline diamond films are: (1) low work function emitters
for flat panel displays, (2) hard low-friction coatings for machine tool bits or infrared optics, and
(3) corrosion resistant coatings for chemical processing systems.  High rate pulsed laser deposition
enables the economic application of numerous high value thin films.
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